Introduction
In India there are two types of monsoon-the southwest monsoon and the northeast monsoon. The southwest monsoon brings most of the rainfall in the country during a year. The strength of the southwest summer monsoon, which is linked to surface air temperatures in the Eurasian region, has steadily increased over the past few centuries (Anderson et al. 2002) . Its intensity varies from year to year for a variety of reasons. One of the strongest influences on the monsoon is the El ñino-La ñina oscillation. Moisture-laden winds from the Indian Ocean come to fill up the void, but because they cannot pass through the Himalayan region, they are forced to rise. The Himalayan ranges form a barrier to the southwest monsoon winds crossing over to Tibet, thereby causing heavy to very heavy rainfall in the foothills and the adjoining plains of India to the south (Dhar et al. 1975, Dhar and Nandargi 1998) . In addition, the heavy rainfall does not occur in a continuous spell as seen over the plain regions of India, but there can be sudden falls of heavy rain of short (3-4 h) to long (10-14 h) duration. Extreme rainfall may result in landslides, flash floods and crop damage that have major impacts on society, the economy and the environment.
Although the aberrant behaviour of the Indian monsoon is well documented, its characteristics and nature are not yet fully understood (e.g. Charles et al. 1997 , Krishnamurthy and Shukla 2000 , Gadgil et al. 2003 , Kulkarni et al. 2009 , Singh et al. 2009 ). Because both local factors and global teleconnections influence monsoon strength, a successful prediction of the Indian monsoon season is commonly deemed to be almost impossible (e.g. Webster 1987 , Webster et al. 1998 , Francis and Gadgil 2009 , Rahman et al. 2009 ). Variation of rainfall with altitude in the Nepal Himalayas was studied by Dhar and Bhattacharya (1976) , Dhar and Rakhecha (1981) and Dhar and Nandargi (2005) . As shown in these studies, maximum rainfall occurs near the outer Himalayas, i.e. the foothills, and a second maximum occurs near the middle Himalayas at about 2400 m a.s.l. Thereafter, rainfall decreases sharply northwards to higher elevations until the Great Himalayan Range is reached. There are limited studies which have assessed trends in climatic extremes of temperature and precipitation in the Himalayas (Sen Roy and Balling 2004 , Sen Roy 2009 , Nandargi and Dhar 2011 .
Mountainous regions are prone to water-related disasters. Flood accounted for 35% of natural disasters during in South Asia (Shrestha 2008) . Enhanced orographic precipitation and steep slopes covered with a thin soil over impervious bedrock make these areas particularly flood prone. These factors result in larger runoff coefficients and limited valley storage in mountainous areas, and can lead to severe flash floods and accompanying flow of debris. Flooding in the mountainous Himalayas and adjacent lowrelief areas can be attributed mainly to two causes: (a) heavy or extreme rainfall events associated with synoptic climatic patterns; and (b) artificial and natural dam bursts. A number of additional factors have the potential to contribute to the severity of monsoon floods by compounding the impact of heavy rains. For example, if the heavy rains are coupled with unusually high volumes of runoff from melting snowpack in the Himalayas (especially rain-on-snow events), the result might be devastating. Runoff in the Himalaya basins is sensitive to glacier melt (Singh and Bengtsson 2004 , Ma et al. 2010 , Jeelani et al. 2012 . The expansion of habitats, tourist resorts and hotels along the fast-flowing rivers are major reasons for the loss of life and property under such natural hazards. Although there is a great need for better understanding of mountain runoff for planning and sustainable management of water resources, unfortunately the progress in this area lags behind other fields of hydrological research (Kundzewicz and Kraemer 1998) . The synoptic analysis of floods in the Himalayas is provided in some recent studies (Wang et al. 2011 and Houze et al. 2011) .
Measurement, analysis and modelling of extreme precipitation events linked to floods is vital in understanding changing climate impacts and variability. Flood prediction related to extreme rainfall events is difficult because the ability to forecast monsoonal rainfall is limited. In particular, rainfall observation and prediction in remote, high mountain terrains need to be improved. A better assessment of the relationship between these processes is desirable but often difficult to achieve due to the lack of adequate monitoring possibilities. Improved statistics for extreme events are key to mitigating the filling of hydropower reservoirs and abrasion of hydropower turbines, as well as to sustaining infrastructure and successful agriculture in the downstream areas of the Himalayas. The role of climate change in causing heavy monsoon rains needs to be addressed. In view of the aforementioned facts, this paper is an attempt to analyse the meteorological and hydrological data of the unusual rain event that occurred in June 2013 near the Gangotri Glacier in the Garhwal Himalayas and resulted in massive loss of lives and property.
Study area
The Gangotri Glacier (Lat. 30°43'N to 31°01'N and Long. 79°0 0'E to 79°17'E) is the largest glacier of the Garhwal Himalayas.
The proglacial meltwater stream, known as the Bhagirathi River, originates from the snout of the Gangotri Glacier at an elevation of 4000 m a.s.l. The Bhagirathi River valley is a broad U-shaped valley with sidewalls (30-50 m), which is a characteristic of its glacial origin. The Gangotri Glacier system (most commonly known as Gangotri Glacier), is a cluster of many glaciers with the main Gangotri Glacier (length: 30.20 km; width: 0.20-2.35 km; area: 86.32 km 2 ) as its trunk. It is a temperate mountain valley glacier, which flows in the northwest direction. The major glacier tributaries of the Gangotri Glacier system are the Raktvarn, Chaturangi, Swachand and Maiandi glaciers that merge with the trunk glacier from the northeast, and the Meru, Kirti and Ghanohim Glaciers that merge with the trunk glacier from the southwest. The altitude range of these glaciers varies from 4000 to 7000 m. The total catchment area of the study basin up to the gauging site is about 556 km 2 , of which more than 50% is covered by ice. Figure 1 shows the area of the Gangotri Glacier and locations of the snout and the gauging site.
Data collection and analysis
A Gauge and Discharge site was established at the River Bhagirathi near Bhojwasa in the year 1999. In order to measure the water level data, an automatic water-level recorder is installed on the stilling well erected near the river bank. The chart daily mounted on the stilling well is utilised for deriving the hourly gauge values for each day. A graduated staff gauge is also installed on the gauging site near the stilling well for manual observations of water level. A calibration is made between water levels observed at the staff gauge and water levels in the well. Manual observations of water levels are made during the day and at night on an hourly basis by a team of trained scientists and staff.
In order to monitor the meteorological variables for the Gangotri glacier, a standard meteorological observatory (30 × 30 m) was set up at about 3800 m altitude near the gauging site at Bhojwasa in the same year. While selecting the site proper care was taken to consider the criteria laid down by India Meteorological Department (IMD) for establishing an observatory. An Automatic Weather Station (AWS) has also been installed since 2009. The meteorological site is equipped with a Figure 1 . Location of Gangotri Glacier in the Indian Himalayas.
standard rain gauge, self-recording rain gauge, thermograph, maximum and minimum thermometer, dry and wet bulb thermometer, hygrograph, evaporimeter, anemometer, wind vane and sunshine recorder. However, the severe storm in June 2013 provided unusually heavy rains and transported large amounts of sediment damaging the discharge site, but the meteorological site was unaffected by the storm. The storm also triggered landslides at several locations along the river downstream of the gauging site. The temporary wooden bridges on the way to the site were washed away. Several other establishments like small hotels/shops located downstream were also damaged owing to this catastrophic event.
Precipitation
What was peculiar about the monsoon this year? On June 14, the monsoon front was located over eastern India. In fact it was slightly slow moving compared with the normal progress of the front. But within a day, the front advanced right across the remaining areas to cover the entire country by June 16, exactly a month ahead of its normal date of July 15. This has never happened in the past. A system of westerly winds from the Arabian Sea had also been active during the same period and had covered Pakistan. It was the interaction between the well-formed lowpressure system of the south-west monsoon from east to west and the upper air westerly system running from north-west Rajasthan to the east that resulted in the heavy rainfall-causing low-pressure system that was in the eastern part of the country to quickly traverse and locate itself over north-west India.
From the past rainfall records (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) it was observed that out of the total rain events, about 78.74% of events provided daily rainfall less than or equal to 5 mm, 15.75% of events provided daily rainfall in the range of 5-10 mm, and only 2.36% of events provided daily rainfall in the range 10-15 mm. The rainfall observed at the site for June 14, 15, 16, 17 and 18 was 1.8, 6.7, 93, 66 and 10.5 mm, respectively (Table 1 
Discharge
The Bhagirathi River experienced a major landslide comprised of boulders, pebbles, cobbles, sand and silt between 16 and 18 June 2013. A sudden increase of water discharge in the river resulted in flooding downstream. Flows at the gauging site peaked at 163, 148 and 113 m 3 s -1 on 16, 17 and 18 June 2013, respectively (Fig. 4 , Table 1 ). The mean discharge values for the month of June for 13 years shows that discharge starts increasing by the second week of June but it is mostly because of an increase in melt contributions. The storm resulted in an increase of the gauge height installed near the discharge site of up to 50 cm and this sudden change in the discharge produced a change in the river's flood path in that particular area. Figure 5 represents the runoff depth produced by respective rainfall. The drainage area up to the discharge site is 556 km 2 , of which 286 km 2 is glaciated. It is observed that the mean runoff depths of June varied between 12 and 14 mm, whereas runoff depths recorded at the site were highest on 16 June 2013.
Air temperatures and wind speed
The June 2013 storm was associated with a sudden drop in air temperature. Daily mean air temperatures observed near the snout of Gangotri Glacier for the period 14-20 June 2013 are shown in Fig. 6 . As usual, sudden drops in air temperature were observed during rain or snowfall events. The daily temperature values for the months of May and June during ablation season (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) are shown in Fig. 7 . It was observed that generally these values are within the range with few exceptions. The mean monthly maximum temperatures for the months of May and June (2001-2012) were 14.3 and 16.6°C, respectively, whereas mean monthly minimum temperatures for these months were 1.4 and 4.2°C respectively. The corresponding mean monthly temperatures for May and June 2013 were computed to be 8.0 and 10.1°C, respectively. Based on the available temperature records, it was found that June was the warmest month of the summer season in the study area. Average daily wind speed during the storm event was only 5.6 km h -1 , whereas the average wind speed for June 2013 was 7.1 km h -1 . Other hydro-meteorological properties, such as evaporation and sunshine hours, also exhibited pronounced variability during the 5-day event (Table 1) .
Discussion and future needs
Extreme weather conditions are increasing in the Himalayas under changing climate. Recent floods have caused massive loss of life and property. Climatic conditions combined with haphazard human intervention were primarily responsible for massive flash floods and landslides. High amounts of rain were caused by the fusion of Westerlies and the Monsoonal cloud system. Besides rain water, a huge quantity of water was probably released from melting of snow and glaciers. One of the compounding factors was that the glacial regions above Gangotri had received fresh and excess snowfall when heavy rainfall hit the region. Rainfall, with higher temperature, falling on the snow must have led to heavy snowmelt and this runoff would have added to the rainwater runoff, resulting in a huge water flow that carried with it a huge debris flow, which struck the town with enormous ferocity. The detailed dynamics of water flow due to snowmelt caused by rain, particularly when snowfall is in excess, and the hydrology of it are not well understood.
The field observatory located near the snout of the Gangotri Glacier recorded rainfall of 93 and 66 mm on 16 and 17 June 2013, respectively. This resulted in increase in discharge to about 163 m 3 s -1 on 16 June 2013. Since the rainfall was widespread, this further increased runoff in the downstream areas and caused massive landslides. The extreme rains followed by floods and landslides should act as a wakeup call for planners and decision makers. Better gauging of rivers, collection of meteorological information and mapping of channels is needed. The following activities need to be initiated for carrying out scientific studies and taking up measures to reduce losses due to flash floods and landslides:
• Doppler shift radars should be deployed to better monitor rainfall, • the hydrological-meteorological network in vulnerable areas susceptible to flash flooding should be enhanced, • hydro-meteorological stations should be linked with robust and efficient communications, including the use of satellite telemetry for critical or remote sites to provide real-time transfer of data between local, regional and central stations, • better mapping of actual stream channels and river banks, including landslide and erosion potential should be taken up, • preparation of an inventory of glacial lakes, • analysis of glacial lake outburst floods, • flash flood forecasting based on antecedent rainfall forecasting and implementation of an early-warning system, • structural measures for flood management and their efficacy on river behaviour, • identification of areas prone to landslides and their remedial measures, • catchment erosion and mud flows, and • non-structural measures of flood management.
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